The superconducting cavities in the CW linacs of LCLS-II will operate at 2 K, where cooling is very expensive. One source of heat is presented by the higher order mode (HOM) power deposited by the beam. Due to the very short bunch length, especially in the L3 region, the LCLS-II beam spectrum extends into the terahertz range. Ceramic absorbers, at 70 K between cryomodules, are meant to absorb much of this power. In this report we perform two kinds of calculations to estimate the effectiveness of the absorbers and the fractional power that remains to be removed at 2 K.
Introduction
While the use of superconducting accelerating cavities in large particle accelerator facilities offers many advantages in areas such as RF efficiency and feasible beam parameter ranges, a major expense of operating such a machine is the power required of the cryogenic plant. Care must be taken to minimize both static and dynamic heat loads. One element of the latter, particularly relevant in a high-current, short bunch, CW facility like LCLS II, is higher-order-mode (HOM) electromagnetic field power generated by the beam in passing through the cavities and beamline elements.
LCLS-II will run with a CW megahertz bunch train of initial current 62 A, but eventually upgradable to 0.3 mA. HOM heat load is of particular concern in the 20 cryomodules of the L3 linac region, after the second bunch compressor, where the rms length of the 300 pC bunches will be only  z = 25 m. The main generators of HOM power are the 35 mm radius irises of the nine-cell periodic L-band accelerator cavities, though other features, such as inter-cavity bellows and beam pipe radius transitions between regions, play a role. For a quantitative treatment of generated HOM (or more accurately wakefield) power in LCLS-II see [1, 2] .
HOM coupler ports incorporated in the end pipes of the cavities provide damping against build-up of higher-order cavity mode fields. Since the spectrum of excited HOM power extends well beyond the beam pipe cutoff, annular ceramic RF absorbers are included in the drifts between the 8-cavity cryomodules in the hope of absorbing much of this untrapped wakefield radiation.
In what follows, we describe and compare two attempts to theoretically characterize the relative HOM power lost in the different cryogenic environments (2 K, 70 K) by assessing the effectiveness of the HOM absorbers. We would like as much of the power as possible to be lost in the 70 K absorbers rather than in the NC beam pipes and bellows between the cavities, for which heat is removed by the 2 K cooling system. The first method uses a numerical, S-matrix approach, and the second involves an analytical diffusion-type calculation. This topic was previously addressed for the European XFEL project using a ray tracing method and the diffusion approach presented here [3] . Also, the S-matrix calculation has been previously applied to the ILC cryomodules [4] . We focus here on the maximum average beam current.
Theoretical Approaches

S-Matrix Approach
Most of the LCLS-II linac can be seen as a periodically repeated sequence of cryomodule elements joined at their 39 mm-radius beam pipe ports. This periodic unit consists of eight nine-cell TESLA-type cavities, each followed by a bellows, a long beam pipe drift (through the quad), an absorber and a shorter drift section. The absorber, a suspended ring of ceramic recessed in a pillbox diameter step, has an integrated bellows, which proximity requires us to treat as part of the same element. At a number of discrete frequencies, 4, 8, 12, 16, 20 and 40 GHz, we used the field solver HFSS [5] to calculate the scattering matrix for each element type (cavity, bellows, drifts and absorber) for all TM 0n monopole modes propagating in the beam pipe at each respective frequency (1, 2, 3, 4, 5 and 10 modes, respectively). The niobium cavities were modelled as perfect conductors. The bellows and drift pipes were assumed to be copper (or copper plated), for which an electrical conductivity in this temperature and frequency regime, ranging from 1.970.914×10 9 /m between 440 GHz, was calculated according to
where Z 0 is the impedance of free space and Z Cu.eff is the surface impedance from Eq. (6) below for the extreme anomalous skin effect [6] . We also considered the case where the bellows and drifts are stainless steel, for which we took  ss = 1.85×10 6 /m. For the absorber element, only the ceramic material was given loss, to represent heat removed. We assumed here Re()/ 0 = 15 and tan  = 0.18, estimated from available data [7] out to 40 GHz. Fig. 1 shows geometries and sample field plots. Armed with these scattering matrices we consider a set of M sequential elements comprising the cryomodule period of the linac. With reference to Fig. 2 , we can specify a set of equations relating the left (l) and right-going (r) waves of N propagating modes at all inter-element junctions as follows:
We assume a constant driving vector d n,1 = exp(-iωz n /c) after each cavity (z n being its downstream position) and 0 elsewhere, which represents the excitation in the first mode of a speed-of-light bunch. (In reality the bunch excites all the pipe modes at specific relative strengths; we demonstrate later that making this first mode assumption does not significantly affect the numerical results-apparently due to mode mixing.) Speed-of-light phased periodic boundary conditions are imposed at the ends of the sequence of objects. Finally, the junction fields are obtained by solving a matrix equation of the form Ay = d for the unknown vector y, where A is a square matrix of order 2M(N+1). Now, correcting for the generated waves, we can solve for the relative power dissipated in each element as the difference between incoming and outgoing power, summed over the modes. That is,
This technique is described in more detail in [4] . The ratio of the p for the absorber element to the sum of all p's gives us a measure of the effectiveness of the absorber in reducing the losses at 2 K. As the number of modes for each case was the frequency in gigahertz divided by four, this approach is limited from going much higher than about 40 GHz by the S-matrix size.
Diffusion Approach
Another way to estimate the distribution of HOM power absorption is to use a diffusion-like model [3] , in which the radiation fills the available volume like a gas. This is a good approximation well above cutoff and where the surface reflection coefficient is close to unity. The beam line elements can be grouped by type, for each of which, the power absorption can be characterized by
where i denotes a particular type of element (RF cavity, bellows, end pipe or absorber), n i is the element quantity, S i its surface area, Z i its surface impedance and dP 0 /d the HOM spectral density obtained using:
where Z w is the cryomodule impedance. To obtain the spectrum, we begin with the point charge wake of a TESLA cryomodule: W(s) = 344 exp(-s/s 0 ) V/pC, with s 0 = 1.74 mm [8] . We then Fourier transform this to obtain Z w ().
The resulting spectrum P 0 (f) (with f = /2)-i.e. the total power integrated from f to 2 THz -is shown in lost by beam, about 50% is lost above 20 GHz, and 25% above 100 GHz.
Here too, two cases were considered, in which the bellows and beam pipe surfaces were assumed to be either copper or stainless steel. For frequency > 1 GHz at 2 K, copper exhibits the extreme anomalous skin effect. Its effective impedance is expressed as [6]   (6) where A = 3.3×10 -10 (s 2/3 ) is a material constant independent of RRR. The surface impedance of stainless steel is given by:
where  ss is the electrical conductivity of stainless steel, for which we here used 10 6 /m. As before, the power absorbed in the superconducting niobium cavities was taken to be negligible.
To estimate the surface impedance of the absorber material we use the following: (8) where  is the attenuation coefficient in the dielectric medium,  its permittivity, tan  the loss tangent, and s the field penetration skin depth. (Here values of 16.5 and 0.2 were used respectively for Re()/ 0 and tan .) The surface impedance of the absorber is given by:
As for the n i S i area factors, the bellows and pipe total was estimated to exceed the ceramic by a factor of 57. Inserting the required parameters in Eq. (4) calculated from Eqs. (5), (6), (7) and (9) 
Results
Each of the two methods described above yields an estimate for the fractional heating distribution among beamline elements of the high-frequency wakefield power generated by the LCLS-II beam. Table 1 tabulates sideby-side results at given frequencies for the fraction that goes into the 2 K cryogenics, i.e. is not extracted to 70 K by the beamline HOM absorber at the end of each cryomodule. The numbers are similar. The final row shows, for the diffusion model, the total integrated percent, weighted by the spectral density function, the derivative of Fig. 3 . It suggests the absorber is considerably less effective at higher frequency. Stainless steel does not appear to be an acceptable beamline surface material for this machine, based on both the higher power absorption and consideration of thermal conduction to the liquid helium bath. Bellows and connecting drift pipes should be copper-plated.
A sample plot is shown in Fig. 4 of the element power distribution from the S-matrix technique at 4 GHz. As this result depends on mode phase lengths, we estimated the behavior away from our discreet chosen S-matrix frequencies by analytically extending cavity end pipes (via matrix element phases), by a systematically varied distance, z. Fig. 5 shows the effect on the 2 K power at 4 GHz and 20 GHz. The potential for high 2 K loss at frequencies (spacings) where the absorber is not well engaged due to being at a field resonance node is apparent. As a notable example, Fig. 6 shows the field amplitude profile for the large spike in the 4 GHz variation plot (z= 1.49 cm). Results over 2,000 steps are statistically summarized in Table 2 . Since driving only the lowest mode (d n, 1 ) is not what the beam actually does, we tested the sensitivity of our results to this assumption. At f = 16 GHz, we repeated the power vs. cavity pipe length calculation driving in turn each of the other three propagating monopole modes. The averages of p 2K /p tot resulting from driving modes 14, respectively, were 1.5%, 1.5%, 1.4% and 1.7%. It would seem that mode mixing within the elements makes the calculation fairly insensitive to this drive detail.
Conclusion
Two complementary approaches applied to the LCLS-II linac have helped to characterize the distribution of heating due to monopole wakefield power generated by the tightly-bunched CW beam. They provide us some confidence in the effectiveness of the beamline HOM absorbers, suggesting that no more than a few percent of this power will present added load to the 2 K cryogenics system. We should note, however, that the absorber material, for which we assume constant parameters, has not been characterized above 40 GHz.
